To assess the effect of recombinant human growth hormone (rhGH) on muscle protein metabolism in uremic patients with malnutrition, forearm [ 3 H]phenylalanine kinetics were evaluated in six chronically wasted (body weight 79% of ideal weight) hemodialysis (HD) patients in a self-controlled, crossover study. Forearm protein dynamics were evaluated before, after a 6-wk course of rhGH (5 mg thrice weekly) and after a 6-wk washout period. After rhGH: ( a ) forearm phenylalanine net balance-the difference between phenylalanine incorporation into and phenylalanine release from muscle proteins-decreased by 46% ( Ϫ 8 Ϯ 2 vs. Ϫ 15 Ϯ 2 nmol/min·100 ml at the baseline and Ϫ 11 Ϯ 2 after washout, 
Introduction
Malnutrition in patients with end-stage renal disease (ESRD) 1 under hemodialytic treatment is closely correlated with poor clinical outcome (1) . An inadequate protein-calorie intake, the increase in muscle protein degradation caused by metabolic acidosis (2) (3) (4) , and the loss of amino acids during the dialytic procedure (5) are major causes of malnutrition. However, recent evidence indicates that chronic renal failure is also characterized by a resistance to anabolic hormones, such as growth hormone (GH) and insulin-like growth factor-I (IGF-I). This resistance may in turn impair the control of growth in uremic children and protein metabolism in the adult population.
Animal studies performed both in vitro and in vivo indicate that resistance to the action of GH and IGF-I in uremia takes place in different sites, including both liver and muscle. In rats, experimental uremia leads to decreased expression of hepatic GH receptor mRNA (6, 7) and increases the circulating GH binding proteins, which in turn could potentially compete for ligand binding to GH receptors (7) . These alterations could lead to a decreased IGF-I synthesis from endogenous or exogenously administered GH. In addition to these findings there is evidence of a resistance to GH and IGF-I occurring in uremic muscle. Indeed, a reduced IGF-I and IGF-I mRNA, and a decreased IGF-I receptor tyrosine kinase activity have been observed in muscle from uremic rats (8, 9) .
In renal patients circulating levels of GH are increased, mainly as a consequence of a diminished metabolic and renal clearance (10, 11) . In the same condition there is also evidence of an abnormal serum insulin-like growth factor binding proteins (IGFBPs) concentration, which can reduce IGF-I bioavailability (11) . In hemodialysis (HD) patients, the volume of distribution of IGF-I after rhIGF-I injection is less than in the normal condition; this is consistent with the contention that IGF-I is retained in circulation by IGFBPs (12) . It has also been documented that HD increases somatomedin bioactivity (13) , thus suggesting the occurrence of low molecular weight circulating inhibitors of IGF-I action. In addition, the altered effects of GH and/or IGF-I due to uremia per se may be enhanced by a reduced protein/calorie intake (14).
Recombinant human GH (rhGH) promotes nitrogen retention and increases lean body mass in normal subjects (15) and in GH-deficient patients (16) . The administration of rhGH also results in diminished sodium and potassium excretion, with accumulation of total body potassium (17) . Treatment with rhGH is an established therapy in growth-retarded ure-mic children (18), but few studies have dealt with the effects of rhGH in adult renal patients. Short-term studies in malnourished HD patients have shown that the administration of rhGH alone or in combination with parenteral nutrition causes a reduction in urea appearance and an improvement in some biochemical nutritional parameters (19, 20) and nitrogen (N) balance (21) . The administration of rhGH for one week to peritoneal dialysis (CAPD) patients results in a decrease in urea generation (22) . Such responses are associated with a decrease in plasma potassium, suggesting an incorporation of potassium into somatic proteins (22) . However, it is not yet known whether rhGH administration in malnourished HD patients is followed by any action on the determinants of muscle mass, i.e., protein synthesis and degradation.
The present study was designed to determine the effects of rhGH on protein metabolism, amino acid exchange, and potassium balance in the muscle of nonacidotic HD patients with protein calorie malnutrition by using the forearm perfusion technique associated with [ 3 H]phenylalanine infusion (23, 4) . Changes in muscle protein dynamics were evaluated in relation to variations in circulating IGF-I and IGFBPs.
Methods
Patients. Six malnourished adult ambulatory HD patients (five males, one female; mean age 60 Ϯ 4 yr, range 39-68) on thrice weekly dialysis (mean dialytic age 5.5 Ϯ 2. yr) participated in this study after informed written consent had been obtained. The causes of end-stage renal disease were: chronic glomerulonephritis (two patients), hypertension (two patients), interstitial nephritis (one patient), and lupus erythematosus (one patient). All subjects underwent initial screening, which included physical examination and nutritional assessment. All showed substantial evidence of malnutrition. Their body weight relative to ideal body weight (24) was 79 Ϯ 3% (range 75-90%); their arm muscle area and triceps skinfold thickness were in the Ͻ 5 and Ͻ 10 percentiles for normal adults of similar gender, age, height, and frame size (33 Ϯ 3 cm 2 and 5.7 Ϯ 1 mm, respectively). Serum albumin was 4.1 Ϯ 0.1 g/dl, BUN 88 Ϯ 4 mg/dl, and lymphocyte count was 1334 Ϯ 200 cells/mm 3 . All patients had been adequately dialyzed (Kt/V ϭ 1.26 Ϯ 0.10). They had lost weight more than 6 mo before the study, during intercurrent illnesses and/or reduction of dietary intake. They had been clinically stable for at least 3 mo before the study, and in the 6 wk of baseline follow-up. Patients had no history or evidence of gastrointestinal or hepatic disease, congestive heart failure, diabetes mellitus or other endocrinopathies, alcoholism, or malignancy. Residual renal function was 1.6 Ϯ 0.9 ml/min. Their mean protein intake, as evaluated by the normalized protein catabolic rate (nPCr; 25), was 1.1 Ϯ 0.1 g/kg (range 0.9-1.4 g/kg), and their calorie intake was about 28-31 kcal/kg, as estimated by nutritional interviews. Dietary survey included a weekly 3-d food record during each experimental period and PCR. No changes in dietary prescriptions or the intake of nutrients, as evaluated by nutritional interviews and nPCR, were recorded during the study (nPCR 0.95 Ϯ 0.06 after rhGH and 1.1 Ϯ 0.06 g/kg in the washout period). The dose of dialysis was constant throughout the study (Kt/V ϭ 1.26 Ϯ 0.10 at the baseline, 1.22 Ϯ 0.11 after rhGH, and 1.24 Ϯ 0.12 in the washout period). Acidemia, which can cause muscle protein degradation (2) , was prevented in all phases of the study [HCO 3 Ϫ ] ϭ 24 Ϯ 1 at the baseline, 25 Ϯ 2 after GH, and 24 Ϯ 2 meq/liter in the washout period). Drugs, including hypotensive drugs, sodium bicarbonate, calcium carbonate, and erythropoietin, which were prescribed as appropriate for each individual, were also continued.
This study was approved by the Ethical Committee of the Department of Internal Medicine of the University of Genoa. All patients were informed of the nature, purpose, procedure, and possible risks before their voluntary consent was obtained. Procedures were in accordance with the Helsinki declaration.
Study design. The study was a prospective crossover trial with patients serving as their own controls. The study consisted of three consecutive periods: the baseline period, the GH treatment period (GHTx), and the washout, post-GH period (follow-up; Fig. 1 ). During a 6-wk period before rhGH treatment, patients were instructed on a stable diet, and nutritional and dialysis parameters were evaluated. At the end of this period baseline measurements were obtained. In the treatment period, patients received 5 mg rhGH (Genotropin; Pharmacia, Stockholm, Sweden) subcutaneously at the end of each dialysis session for 6 wk. Subsequently, rhGH was discontinued and patients were followed-up for a further 6 wk.
Forearm protein turnover studies were performed at the end of each study period (Fig. 1) , namely at the beginning of the week, before the dialysis session, in order to avoid interference in protein turnover induced by dialytic treatment. In the GH period, the last dose of rhGH had been administered 72-74 h before the protein turnover study. Blood samples were also obtained for IGF-I, IGFBP-1, IGFBP-3, insulin, cortisol, and other serum chemistries at the end of each study period.
Procedures. The study of muscle protein turnover was performed in the postabsorptive, overnight fasted state. Each patient received a primed-continuous infusion of L -(ring 2,6)-[ 3 H]phenylalanine ( ‫ف‬ 11 Ci, 0.42 Ci/min) through a contralateral vein for 210 min. Catheters were inserted into a brachial artery and, in a retrograde fashion, into the ipsilateral deep forearm vein. In one subject arterial sampling was performed by direct puncture of an arteriovenous graft extending from the contralateral radial artery to the basilic vein. In all studies in each patient, care was taken in order to catheterize the same vein in the same position. After a 150-min tracer equilibration period, blood samples were taken simultaneously from the artery and the vein at 20-min intervals during a 60-min period. Blood flow across the forearm was determined immediately after each arterio-venous sampling by an indium-gallium strain gauge plethysmograph (Angiomed Instruments, Padua, Italy). The arm containing the deep vein was raised about 20 Њ and a small supporting pillow was placed under the wrist, to avoid interference with venous return. The strain gauge was wrapped around the forearm at the level of maximal circumference. The relative change in the volume of the forearm segment under the strain gauge was registered and was used to calculate plethysmographic blood flow. An occlusion cuff was placed around the arm. The pressure was 60 mmHg. Each set of measurements involved 10 separate measurements (CV ϭ 3.5%). For 1 min before and during withdrawal of each blood sample, blood flow to the hand was interrupted by means of a sphygmomanometer cuff inflated around the wrist to 200 mmHg. Flow was expressed per 100 ml forearm volume. Room temperature was 20-22 Њ C.
Assays. Amino acids were determined in whole blood. Perchloric acid (0.75 mol/liter) was used for blood protein precipitation. An aliquot of the supernate was neutralized with a buffered solution, stored at Ϫ 25 Њ C, and used for the assay of glutamine and glutamate. An- Figure 1 . The design of the study. 5 mg of rhGH was administered thrice weekly during the period of treatment.
other aliquot was stored at Ϫ 25 Њ C and used for the determination of other amino acids. Blood samples were processed immediately after withdrawal. Amino acids were measured in triplicate by an amino acid analyzer (model 3A 30; Fisons Instruments, Milan, Italy), employing lithium buffers. Glutamine and glutamate were determined enzymatically (26) . Phenylalanine-specific activity was determined in plasma, as described previously (4). Arterio-venous differences for potassium were measured in plasma samples taken at intervals of 20 min each during the study. Plasma was immediately separated after withdrawal and measured in triplicate by flame photometry (model 480 Flame Photometer; Corning Medical and Scientific, Medfield, MA). Forearm potassium balance was obtained by multiplying the arterio-venous difference for potassium by plasma blood flow. Forearm plasma flow was estimated from measured blood flow by the equation: plasma flow ϭ (blood flow) ϫ (1 Ϫ hematocrit).
Concentrations of IGF-I and IGF binding proteins, insulin and cortisol were measured at the end of each study period. IGF-I was measured by RIA using an antibody and 125 I-IGF-I provided by Medgenix (Fleurus, Belgium). The sensitivity of the assay was 90 pg/ ml and the interassay assay coefficient of variation was 7.7%. No cross-reactivity could be evidenced between IGF-I and IGF-2 with the respective antibodies used in the assays up to concentrations of 500 ng/ml of both peptides. In order to avoid interference from binding proteins, single plasma EDTA samples taken from each patient before and during treatment were treated with acid ethanol, according to Daughaday (27) . IGFBP-1 was measured by IRMA using reagents and tracer provided by Diagnostic Systems Laboratories, Inc. (Webster, TX). Normal ranges for IGF-I and IGFBP-1 in agematched adult subjects are 100-350 ng/ml and 20-40 g/liter, respectively. IGFBP-3 was measured by immunoassay using reagents and tracer (Diagnostic Systems Laboratories, Inc.). All samples were diluted appropriately so as to reach a point in the curve where there is parallelism among unglycosylated Escherichia coli -derived IGFBP-3, glycosylated CHO-derived IGFBP-3, and serum (% B/Bo: 70-85%). According to the manufacturer, the normal range for age-matched adult subjects is 2.10-5.01 g/ml. Plasma insulin and cortisol were determined by radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA, and Farmos, Orion Corporation, Turku, Finland, respectively). Arterial blood pH and pCO 2 were estimated at 37 Њ C with an ABL 505 apparatus (Radiometer Co., Copenhagen, Denmark). Blood bicarbonate concentrations were calculated by using the Henderson-Hasselbalch equation. Hematocrit was measured by a microcapillary procedure. All other serum chemical measurements were determined by routine clinical chemistry laboratory procedures.
Calculations. The net forearm balance for amino acids was calculated from the Fick principle: net balance ϭ ([A] Ϫ [V]) ϫ blood flow, where [A] and [V] are the arterial and venous concentrations, respectively. Phenylalanine is not metabolized in muscle, thus the rates of disposal of phenylalanine across the forearm in the steady state reflect its rates of incorporation into protein, while tissue rates of appearance of phenylalanine reflect its release from tissue protein breakdown (23) . Net balance expresses the difference between the rate of disposal of arterial phenylalanine (Rd) and the rate of appearance into veins of phenylalanine (Ra), i.e.: net balance ϭ Rd Ϫ Ra. In the postabsorptive condition, as evaluated in the present study, the net balance of phenylalanine across the forearm is negative and expresses net proteolysis.
Phenylalanine Ra was calculated as follows (23, 4) : Ra ϭ blood flow ϫ [V] ϫ (1 Ϫ SAv/SAa), where [V] is the venous blood level of phenylalanine, and SAa and SAv indicate the specific activity (dpm/ nmol) of phenylalanine in the artery and vein, respectively. The term (1 Ϫ SAv/SAa) expresses the dilution of tracer specific activity across the forearm caused unlabeled phenylalanine released by muscle.
Muscle disposal of unlabeled phenylalanine (Rd) was calculated as follows: Rd ϭ Ra ϩ net balance. Whole body phenylalanine flux was calculated from the rate of tracer infusion (dpm/min) divided by the [ 3 H]phenylalanine specific activity in arterial blood (23) .
Statistical analysis. All data are presented as the mean Ϯ SEM. Statistical analysis was performed using the two-tailed t test to compare arterial with venous data. When the arterio-venous difference was different from 0 ( P Ͻ 0.05), or when intragroup statistical significances were to be evaluated, a repeated-measure analysis of variance was used to compare the overall changes during the three phases of the study. When ANOVA indicated statistical significance ( P Ͻ 0.05), a post-hoc F-based test was performed between phases. To establish the differences in amino acid concentrations between patients and controls, the unpaired t test and one-way analysis of variance followed by post-hoc analysis were used. Linear regression and correlation were employed to evaluate the relationship between two variables. Stepwise multiple regression analysis was used in order to discover which independent variables were significantly related to the dependent variables when the contribution of other independent variables was factored out and to discover what proportion of variations in dependent variables was accounted for by each independent variable and by the model. Statistical analysis was performed with the Statview Statistical Package (Abacus Concepts, Inc., Berkeley, CA).
Results
Hormones, substrates, and phenylalanine kinetics across the forearm. Results regarding serum hormones, IGFPBs, and phenylalanine levels are shown in Table I . Basal serum IGF-I and IGFBP-3 were in the normal range. IGFBP-1 levels were increased about six-to sevenfold over normal values. Serum insulin and cortisol were normal. Serum IGF-I and IGFBP-3 increased significantly (by 36 and 26%, respectively) with treatment, and declined in the washout period. IGFBP-1 declined by 38% with treatment and rose in the washout period. There was no change in serum insulin or cortisol.
No differences from basal levels were detected in forearm blood flow during and after rhGH treatment. RhGH therapy was not associated with changes in phenylalanine concentrations in either the artery or vein. In the basal study, as well as in following periods, the deep venous phenylalanine levels ex- ceeded the arterial levels (P Ͻ 0.01), thus indicating phenylalanine release from the forearm and proteolysis. However, during rhGH treatment the arterio-venous differences of phenylalanine were 44% smaller than in the baseline period (P Ͻ 0.03).
During the three experimental periods the [ 3 H]phenylalanine-specific activities were stable in the artery and the vein (Fig. 2) . Specific activities in venous blood were lower than in arterial blood, indicating isotope dilution across the forearm and phenylalanine release (P Ͻ 0.01). Phenylalanine specific activities in the artery and in the vein were similar in all periods of the study.
Data regarding forearm protein turnover are shown in Table II. At the baseline the rate of appearance of phenylalanine from the forearm exceeded the rate of disposal, thus indicating a negative protein balance. At the end of the rhGH treatment period a negative protein balance persisted across the forearm; however, the net phenylalanine release was 46% lower, indicating a less negative balance than in the baseline period. This occurred because of a 25% increase in the phenylalanine rate of disposal, while the rate of appearance was not affected by treatment.
Whole-body phenylalanine flux, an index of whole-body proteolysis, was not affected by treatment (0.73Ϯ0.075, 0.78Ϯ 0.091, and 0.69Ϯ0.075 mol/kg/min, respectively, in the baseline, rhGH, and washout periods, P ϭ NS).
There was no relationship between the rates of protein synthesis or degradation and serum levels of IGF-I, IGFBP-1, IGFBP-3, insulin, cortisol or total or normalized to body weight rhGH dose. Nor was there any relationship between net forearm phenylalanine balance and serum IGF-I (Fig. 3) . However, both in the rhGH and washout periods, the percent decrease in forearm net phenylalanine balance was directly related to serum IGFBP-1 levels (Fig. 4) : the higher the circulating level of IGFBP-1, the lower the percent reduction in forearm phenylalanine output. Moreover, the percent decrease in forearm net phenylalanine balance was inversely related to the percent increase in the IGF-I/IGFBP-3 ratio (Fig. 5) : the higher this ratio, the higher was the percent decrease in forearm phenylalanine output.
Stepwise multiple regression analysis was used in order to discover what proportion of variations in net protein balance (dependent variable) was accounted for by IGF-I/IGFBP-3 ratio and IGFBP-1 levels (independent variables), which were significantly related in simple regression analysis (Table III) . Changes in the IGF-I/IGFBP-3 ratios and IGFBP-1 levels accounted for 47.1% and 15.1% of percent variations in forearm net phenylalanine balance, respectively. Together, these two factors accounted for 62.2% of variations in forearm net phenylalanine balance during and after rhGH administration. During GH treatment there was an increase in arm muscle area (34.3Ϯ3 vs. 32.6Ϯ3 cm 2 in the basal period and 33.8Ϯ3 cm 2 in the post-GH period, P Ͻ 0.03) and in the estimated dry weight (52.9Ϯ3 vs 52.2Ϯ3 kg in the basal period and 52.4Ϯ3 in the post-GH period; P Ͻ 0.05). Values for skinfolds measurements (sum of four skinfolds, i.e., bicipital, tricipital, subscapular, and thoracic lateral) showed a tendency towards a decrease (17.2Ϯ1.9 mm in the GH period vs. 18.3Ϯ2.2 mm in the basal state, and 16.9Ϯ1.8 mm in the post-GH period; P ϭ NS).
Amino acid balance across the forearm. Arterial levels of amino acids in patients were compared with those obtained in 35 normal subjects (25 males and 10 females) (28). The HD patients with protein-calorie malnutrition studied here showed lower arterial levels of serine, valine, leucine, tyrosine, lysine, and total essential amino acids, and higher levels of proline, citrulline, histidine, and cyst(e)ine as compared to normal controls (Table IV) . During rhGH treatment there was no overall change in amino acids levels. As for individual amino acids, only cyst(e)ine significantly declined, while glutamate increased. Both amino acids returned to pretreatment levels after GH discontinuation.
During rhGH treatment, total amino acids released from the forearm decreased significantly. The net output of several amino acids, such as threonine, serine, glutamine, valine, isoleucine, leucine, lysine, and histidine, which was observed in the basal period, was no longer evident after rhGH. No statistical differences in the release of alanine were observed. After rhGH cyst(e)ine was significantly taken up from the forearm; moreover rhGH treatment was followed by an increase in the fractional extraction of this amino acid from the forearm (6.97Ϯ1 vs. 1.6Ϯ0.73 at the baseline and 4.2Ϯ1.5 in the washout period; P Ͻ 0.05).
Potassium balance across the forearm. In the baseline period, all patients showed a negative potassium balance across 
Significance of difference from the arterial concentration of AA in 35 normal subjects (see Methods): *P Ͻ 0.05; ‡ P Ͻ 0.025 or less. Probability that A Ϫ V differences do not differ from 0: § P Ͻ 0.05, ʈ P Ͻ 0.025 or less. Statistically different from baseline: ¶ P Ͻ 0.05; **P Ͻ 0.01 or less.
the forearm and, five of them, increased plasma potassium concentrations (Table V) . After rhGH, plasma potassium concentrations declined in five cases and remained unchanged in one. At the same time the release of potassium from the forearm declined. During the three periods of the study plasma potassium concentrations were directly related to potassium release from the forearm (Fig. 6) . Moreover, the release of potassium from the forearm was directly related to net protein balance and the rate of disposal of phenylalanine ( Fig. 7 A and  B) . Forearm potassium release was not related to insulin, cortisol, IGF-I, IGFBP-1, or IGFBP-3 levels.
Discussion
The present study demonstrates that the administration of rhGH to malnourished hemodialysis patients significantly increases muscle protein synthesis but has no effect on muscle protein degradation. In our patients the augmentation of protein synthesis led to a diminished muscle protein loss, as shown by the reduction in the net forearm phenylalanine balance and the decrease in the net forearm amino acid output. The changes induced by the administration of rhGH were reversed by rhGH discontinuation. Baseline rates of appearance and disposal of phenylalanine measured in this group of malnourished patients are about 30% lower than those measured in well nourished CRF patients under unrestricted diets (4, 29) and are also in the lower range of the values recorded in normal subjects in the literature (23, 30) and in our laboratory (4). This observation suggests that low rates of protein synthesis occur in the muscle of malnourished HD patients and is in accordance with studies showing a decrease in RNA/DNA ratio in muscle in such patients (31) . A decrease in protein synthesis could by itself promote muscle wasting. Moreover, reduced rates of protein synthesis are believed to hinder body response to stress. Accordingly, strategies to increase muscle protein turnover could improve muscle protein metabolism and nutrition in malnourished dialysis patients. However, current therapeutic strategies for reversing malnutrition are often unsuccessful (21) .
A few observations suggest that rhGH could play a role in the treatment of malnourished renal patients, despite resistance to rhGH and IGF-I actions in uremia. rhGH treatment results in a decrease in urea generation (19, 20) , as well as, when combined with parenteral nutrition, in an increased albumin and transferrin concentration (20) . Similar results have been obtained after 7-d rhGH treatment in uremic patients undergoing peritoneal dialysis (22) . However, these observations are limited to the study of a few biochemical parameters, while the effects of rhGH on muscle protein kinetics have never been examined. The mechanism(s) by which rhGH mediates its anabolic effects on muscle is (are) not yet completely understood. rhGH causes net anabolism in humans through an increase in protein synthesis both in the whole body (32) and in muscle (33, 34) . rhGH infused acutely into the brachial artery stimulates protein synthesis (35) . The improvement in forearm protein balance is not associated with changes in systemic GH, insulin, or IGF-I, indicating that the anabolic effects are due to GH per se Probability that A Ϫ V difference does not differ from 0: *P Ͻ 0.02. Significance of difference from baseline value: ‡ P Ͻ 0.03. Figure 6 . Relationship between plasma potassium levels and forearm potassium release in malnourished hemodialysis patients before (᭜), during (), and after ( ) rhGH administration.
or via local IGF-I (35). However, it has also been suggested that the protein anabolic effects of acute rhGH administration may be nonhomogeneous in muscle and nonmuscle tissues, on the grounds that an increase in whole body protein synthesis without a concomitant increase in muscle protein synthesis has also been observed (36) . It is possible that many of the anabolic effects of rhGH on body tissues observed in chronic studies are mediated via the stimulation of endogenous IGF-I synthesis, which may exert its effects via endocrine and/or paracrine mechanisms. In humans, IGF-I, like insulin, promotes whole body anabolism by inhibiting protein degradation (37) , though an increase in protein synthesis has also been observed (38) . When infused intraarterially into healthy volunteers, IGF-I has been shown to exert both GH-like effects, (increase in protein synthesis), and insulin-like effects, (inhibition of protein degradation), in forearm muscle (39) . It has been suggested that the extent of IGF-I binding, rather than total serum IGF-I levels per se, is predictive of the IGF-I metabolic effects (39) . In normal subjects the main form of circulating IGF is the GH-dependent ternary complex of 140 kD consisting of the IGF peptide, IGFBP-3, and an acid-labile glycoprotein subunit (ALS). Another IGF-IGFBP complex of 40-50 kD can be identified in adult humans and consists of a mixture of binary complexes between the IGF peptide and IGFBP-1 to 6 (11) . The majority of circulating IGF-I is bound to IGFBP-3; however, because of its rapid changes in serum concentration, IGFBP-1 is also assumed to modulate the free fraction of IGF-I (40). It is interesting that chronic GH administration not only increases total IGF-I levels, but also the free IGF-I fraction, because rhGH suppresses circulating IGFBP-1 and IGFBP-2, and increases IGFBP-3 to a lesser extent than IGF-I (41). The present study shows that in malnourished renal patients the changes in circulating IGF-I and IGFBPs during GH therapy are associated with a reduction in the negative muscle protein balance observed in the postabsorptive state. In our patients, baseline levels of IGFBP-1 were increased sixfold, in accordance with previous studies in renal patients (41). After rhGH, serum IGF-I increased by 36% and this rise was associated with a less prominent increase in IGFBP-3 levels and, particularly, with a decrease in IGFBP-1. At the same time muscle protein synthesis increased by 25% and net protein balance declined by 47%. The decline in net protein balance was not related with total IGF-I levels. However, as shown by stepwise multiple regression analysis, the percent increase in the IGF-I/IGFBP-3 ratio accounted for a substantial proportion of variations in net protein balance, thus suggesting that the amount of IGF-I free from ligand binding with IGFBPs is responsible for the decreased muscle net protein catabolism. Another considerable proportion of changes in net protein balance was accounted for by the decrease in IGFBP-1 after rhGH. This protein is produced by the liver and both insulin (42) and rhGH (41) reduces IGFBP-1 levels, thus increasing the bioavailability of IGF-I.
In the present study, rhGH administration for 6 wk failed to increase the reduced circulating levels of many essential amino acids, including branched-chain amino acids (BCAA). On the other hand, the forearm release of leucine was markedly diminished during rhGH administration; this is in line with the GH-related effects of reducing leucine oxidation and increasing the use of leucine for protein synthesis (32) . The diminished muscle production of BCAA was probably accompanied by a reduced utilization by other organs, in order to keep their circulating levels unchanged. A preeminent extramuscle effect of rhGH can also be taken into account for results regarding glutamate. rhGH administration promoted an increase in arterial glutamate, despite a tendency for its muscle balance to become more positive. In rats, GH has been shown to markedly reduce liver glutamate uptake and to increase glutamate levels, thus reducing ureagenesis (43) .
A unique behavior was observed for cyst(e)ine. Baseline cyst(e)ine levels were elevated in the CRF patients studied here, in accordance with previous findings (44). In renal patients there is a decreased fractional uptake of this amino acid by muscle, as previously shown in our laboratory (45) . Therefore, a deranged metabolism or transport of cyst(e)ine by muscle may be responsible for its increase in blood. During rhGH treatment the muscle fractional uptake of cyst(e)ine increased to normal values and the blood levels of cyst(e)ine declined; moreover, these changes were reversed by rhGH discontinuation. These data indicate that rhGH positively affects muscle cyste(i)ne transport and/or metabolism in uremic patients.
In the postabsorptive period, as well as in fasting subjects, a gradual release of potassium from peripheral tissues (46) is offset by an excretion of potassium by the kidney. In patients with ESRD, given their negligible renal excretion of potassium, ex- trarenal potassium metabolism assumes a critical role in potassium homeostasis. However, several observations have indicated an impairment of extrarenal potassium metabolism occurring in CRF (47) . Somatostatin administration to fasting rats is followed by a greater increase in plasma potassium in uremic than in normal animals (48) . Moreover, the ouabaininhibitable rubidium uptake by skeletal muscle from uremic rats is impaired (49) . These observations in animals are in agreement with clinical studies, and show that fasting is followed by a rise in serum potassium in dialysis patients, but not in controls (50) . Moreover, in hemodialysis patients, a potassium load induces an increase in plasma potassium which is greater than in controls and which is not accounted for by renal excretion (51) . In postabsorptive patients studied here plasma potassium levels were directly related to forearm muscle potassium release. Such an observation underlines the role of potassium release from peripheral tissues in determining postabsorptive potassium plasma levels in ESRD patients. The present study also indicates that the administration of rhGH to malnourished HD patients promotes a reduction in the negative forearm potassium balance observed in the postabsorptive state, complementing the anabolic effects on protein turnover. That GH participates in potassium metabolism regulation has been suggested by many studies (52) . Acute administration of GH in humans induces an increase in potassium uptake by the forearm (53) . The effects on the forearm uptake of potassium are more immediate than those on muscle protein metabolism (30 min vs. 6 h; 53, 35) , thus indicating that rhGH may exert a specific effect on the transport of potassium in muscle. On the other hand, in GH-deficient patients, rhGH treatment increases both muscle mass and whole body by 40 K (54), but the increase in whole body potassium seems to reflect an increased lean body mass rather than an intracellular accumulation of potassium (54) . In ESRD patients under peritoneal dialysis (CAPD) short-term rhGH admistration reduces both plasma potassium and phosphorus, thus suggesting incorporation into somatic proteins (22) . The relations between potassium and protein turnover are not completely understood. Studies in vitro have shown that potassium is necessary for protein synthesis to occur (55) . In rats the incorporation of leucine into mixed muscle proteins is reduced by feeding a potassium-deficient diet (56) . On the other hand, potassium and proteins in skeletal muscle are strongly correlated because intracellular proteins interact with potassium by electrostatic binding (57) . The effects of rhGH on muscle potassium metabolism could theoretically be due to a specific action of rhGH on potassium transport or be nonspecifically related to a more anabolic state. In the present study forearm potassium release was related both to the rate of muscle protein synthesis and to net protein balance. Moreover, the ratio of potassium release to net protein balance was similar before and after rhGH. Accordingly, the results of the present study indicate that the reduced release of potassium by muscle after GH is accounted for by a lessened catabolic condition and not by an intracellular potassium accumulation per se.
An estimate of the effects on muscle mass accretion during rhGH treatment may be offered by the changes in forearm phenylalanine net balance. Considering that the mean fraction of forearm made up of muscle tissue is about 0.6 (58) , that forearm blood flow in forearm muscle is about 70% of total flow (58) , that muscle is on the average 40% of body weight, that phenylalanine is about 4-5% of actin composition (59) , and that muscle is composed by 20% proteins, the change in net phenylalanine release from the forearm after rhGH would account for a less negative muscle balance of about 18-20 g/d. This is in keeping with an increase in muscle mass of about 20 g/d observed in GH-deficient patients during GH repletion therapy (54) .
In the present study, no untoward effects were noted during rhGH administration, but it is possible that exacerbation of glucose intolerance and hyperlipidemia could occur with more prolonged therapies at the doses employed. Although we did not specifically address these issues, rhGH administration in the present study did not result in any significant change in basal glucose and insulin levels. Our observations suggest that uremic patients with moderate-advanced malnutrition are quite responsive to rhGH and that the rhGH-associated changes in circulating unbound IGF-I and IGFBPs are the mediators for the response. However, blood IGF-I concentrations and/or activity do not always increase following rhGH administration in severely malnourished patients with low intakes of calories and/or proteins (14).
In summary, the present study shows that rhGH treatment in chronic malnourished HD patients is followed by an increase in muscle protein synthesis and by a decrease in the negative muscle protein and potassium balance observed in the postabsorptive state. The anabolism obtained with rhGH can be accounted for by the associated changes in circulating free, but not total, IGF-I levels. These observations also suggest that the resistance to GH occurring in malnourished HD patients can be overcome by treatment with pharmacologic doses of this hormone.
